Context: Computerized neuropsychological testing is commonly used in the assessment and management of sport-related concussion. Even though computerized testing is widespread, psychometric evidence for test-retest reliability is somewhat limited. Additional evidence for test-retest reliability is needed to optimize clinical decision making after concussion.
I
n 2001, the Concussion in Sport (CIS) group concluded that neuropsychological testing was one of the ''cornerstones'' of concussion management. 1 Since that time, the CIS group has emphasized a multifaceted approach that includes neuropsychological testing in the management of sport-related concussion. 2, 3 Computerized neuropsychological tests are readily available and are believed to possess numerous benefits, including standardized and rapid delivery, a centralized means of data storage, and multiple forms to reduce the potential for practice effects while potentially measuring the same neurocognitive constructs as traditional neuropsychological tests. 4, 5 Despite the benefits and empirical evidence supporting the use of computerized testing, questions regarding the psychometric properties and the clinical utility of these tests have been raised. 6 Randolph et al 6 reviewed the psychometric properties of computerized neuropsychological testing platforms and found limited to no evidence of reliability and validity for all existing computerized platforms. Several groups [6] [7] [8] [9] [10] investigating the reliability of the ImPACT (ImPACT Applications, Pittsburgh, PA) have found intraclass correlation coefficients (ICCs) ranging from 0.15 to 0.85 for any 1 outcome measure. Specifically, higher ICCs (0.38 to 0.85) were reported for the ImPACT composite visual motor speed and composite reaction time scores and lower ICCs (0.23 to 0.64) for composite visual and verbal memory. 7, 10, 11 The highest ICC values were for the Web version of ImPACT (0.62 to 0.85), using a 1-year test-retest interval, in participants 13 to 18 years old. 10 The rationale for these discrepancies in ICC values may be varying methods among studies. Schatz 8 and Elbin et al 10 (also P. Schatz, written communication, 2012, and R. J. Elbin, written communication, 2012) administered the same form (form 1) at 1-and 2-year intervals. 8 Broglio et al 7 administered forms 1, 2, and 3 over a 50-day period. 3 The results from Schatz  8 and Elbin et al  10 are clinically  meaningful in reestablishing baseline cognitive values for  young athletes and athletes previously diagnosed with a  concussion. The methods and results of Broglio et al   7 reflect the clinical use of ImPACT when assessing an athlete with sport concussion. Variable test-retest reliability on computerized cognitive tests enhances the importance of the clinical examination and clinical judgment in the management of sport-related concussion. 6 Although a multifaceted approach to sport-related concussion management is recommended (ie, neuropsychological testing, balance or motor-ability assessment, and monitoring selfreported symptoms), clinicians employed by institutions with limited resources may rely more heavily on computerized neuropsychological testing to determine the state of a concussed athlete and use these data in making return-toplay decisions. 2, 4 Because ImPACT is often used as a stand-alone instrument, we examined the test-retest reliabilities of ImPACT in 2 samples using 2 test-retest time intervals. We hypothesized that ImPACT outcome measures would reflect acceptable ICCs (!0.75) at all time intervals. In addition to our primary hypothesis, we also hypothesized that ImPACT would have low false-positive and falsenegative rates and limited practice effects.
METHODS
Our study was conducted at universities in Ireland and the United States. Participants were all nonathlete university students. Participants were excluded if English was not their primary language or they had a self-reported history of learning disability or attention deficit disorder, a psychiatric condition, or a concussion in the 6 months before or during the study. Sample size was calculated to achieve a power of .80 and d ¼ 0.75, which is consistent with related literature. 7, 12, 13 Participants For all participants (n ¼ 92), this was their first exposure to ImPACT. Group 1 (n ¼ 46) consisted of students from an Irish university, whereas group 2 (n ¼ 45) consisted of students from a US university. The study was approved by the university ethics or institutional review board. If a participant did not complete all 3 time points or if his or her baseline assessment was determined invalid by the criteria suggested by ImPACT, then the data were removed from subsequent analyses. Removal of incomplete or invalid data allowed for optimal ICC calculations. 14 
ImPACT
A computerized neuropsychological test that tests attention, memory, reaction time, and information-processing speed, ImPACT (version 6.7.723) consists of 8 tasks: immediate and delayed word recall, immediate and delayed design recall, a symbol-match test, a 3-letter recall, the X's and O's test, and a color-match test. Results from 2 or more of the aforementioned tasks are used to calculate 5 subscores: visual and verbal memory, reaction time, visual motor speed, and impulse control. To determine if examinees provide a good effort, ImPACT uses invalidity criteria. Participants are excluded from analysis if they have an impulse control score of 20 or more, have a score greater than 30 for the number of X's and O's incorrect, correctly respond to less than 69% for word memory, score less than 50% correct for design memory, or recall fewer than 8 letters for the 3-letters test. 14 
Word Memory Test
The Green Word Memory Test (WMT) (Green's Publishing Inc, Edmonton, AB, Canada) measures effort. The WMT presents 20 pairs of words to each participant. The score is based on 4 subtests for immediate recall and delayed recall; the latter occurs after a 30-minute delay. The effort measure is based on scores of immediate recall, delayed recall, consistency of responses, multiple choice, paired associates, and free recall of the word pairs. The test takes approximately 40 minutes to complete, including the 30-minute delay. The ImPACT and WMT were administered via desktop computer and external mouse. Total test time to complete both tests was approximately 40 minutes. 15 
Testing Protocol
The testing protocol for this study is similar to the protocol used by Broglio et al. 7 However, we used only 1 computerized neuropsychological test along with the WMT. Additionally, we supplemented the previous time frame 7 by using a 1-week test-retest interval. The first session consisted of participants reading and signing the institutional review board-approved informed consent form. Participants then completed a health questionnaire consisting of demographic information, concussion history, and current health status. At this time, we determined if they met the inclusion criteria.
Group 1 (Irish students) completed a baseline test (form 1) and then was reassessed on day 7 with form 2 (time point 2) and on day 14 with form 3 (time point 3). Group 2 (US students) completed a baseline test (form 1) and then was reassessed approximately 45 days later with form 2 (time point 2) and approximately 5 days later (day 50) with form 3 (time point 3).
Statistical Procedures
The ICCs for ImPACT verbal and visual memory, visual motor speed, and reaction time were calculated between time points 1, 2, and 3. Reliability coefficients were calculated for each variable for baseline and time point 2, baseline and time point 3, and time point 2 and time point 3 using a 1-way analysis-of-variance (ANOVA) model. The ICC for a 1-way ANOVA model is defined as [
, where MS A is the mean squares among participants, MS W is the mean squares within participants, and k is the number of observations per participant. 16, 17 Intraclass correlation coefficients range from 0 to 1. Larger coefficients suggest greater reliability. 18 Effort was assessed using the WMT according to the manufacturer's instructions as well as the ImPACT invalidity criteria (impulse control score greater than 20). A repeated-measures ANOVA was used to detect differ-ences in effort across time. The repeated-measures ANOVAs were selected to examine group differences in composite scores across time and to investigate potential practice effects. Greenhouse-Geisser corrections were implemented when sphericity violations occurred. A Bonferroni adjustment was made for multiple pairwise comparisons during post hoc analysis. Effect size was calculated with the Hedges g. All data analyses were performed with SPSS (version 17.0; SPSS Inc, Chicago, IL), and statistical significance was set at a .05.
RESULTS
Descriptive data for both groups are presented in Table 1 .
Assessment of Effort
The assessment of group 1's effort was based solely on the ImPACT invalidity data; the WMT data were analyzed only for group 2. The WMT scores for immediate recall, delayed recall, and consistency variables exceeded 85%, indicating that participants provided good effort at each time point. 15 A review of each participant's scores revealed no instance of poor effort at any time point. Group 2 means and standard deviations for each variable at each time point are shown in Table 2 .
Group 1 was tested at time point 2, 5.95 6 1.28 days after time point 1, and at time point 3, 6.84 6 1.94 days after time point 2. Group 2 was tested at time point 2, 47.27 6 2.74 days after time point 1, within 44.89 6 67.87 minutes of their test time during the first session. Time point 3 for group 2 occurred approximately 6.90 6 1.10 days after time point 2, within 52.22 6 61.45 minutes of their test time during the first session. One participant was excluded from group 2 because of an invalid effort determined by the ImPACT invalidity criteria. No participants were excluded from this study because they sustained a concussion 6 months before or during the study. An ANOVA revealed that impulse control was the only variable different between groups (F 1 Practice Effects. We also assessed practice effects across testing sessions. Repeated-measures ANOVA indicated violations of sphericity for reaction time (W ¼ 0.835, P ¼ .020) for group 2. Greenhouse-Geisser corrections were performed to account for this violation. In group 1, differences were noted across time for visual motor speed (F 1.760,79.198 ¼ 6.100, P , .001, g 2 ¼ 0.12). A higher score for visual motor speed indicates better performance. Post hoc paired t tests revealed increases between time point 1 and time point 2 (t 45 ¼À3.113, P ¼ .003, g ¼ 0.69) and time point 2 and time point 3 (t 45 ¼À2.232, P ¼ .031, g ¼ 0.59). Decreases in composite reaction time were also observed (F 2,90 ¼ 7.106, P ¼ .001, g 2 ¼ 0.14) with decreases between time point 1 and time point 2 (t 45 ¼ 2.114, P ¼ .040, g ¼ .56) and time point 1 and time point 3 (t 45 ¼ 3.426, P ¼ .001, g ¼ 0.56).
In group 2, differences were noted across time for visual motor speed (F 2,88 ¼ 4.078, P ¼ .020, g 2 ¼ 0.09). Post hoc paired t tests revealed decreases between time point 1 and Abbreviation: NA, data not available. 
False-Positive Rate
The ImPACT was designed to identify a significant change in performance compared with baseline measures using reliable change indices.
14 This feature was used to compare time points 2 and 3 with time point 1 for both groups. In group 1, 37% of participants (n ¼ 17) were classified on 1 or more composite scores of ImPACT as impaired at time point 2. At time point 3, 46% of participants (n ¼ 21) were classified as having a change from baseline. Given that our sample consisted of healthy adults, false-positive misclassifications may have reflected either increased or decreased scores compared with baseline performance. Detailed results of this analysis are found in Table 5 .
In group 2, 22.2% (n ¼ 10) of participants achieved a different score on 1 or more composite scores at time point 2. At time point 3, 28.9% (n ¼ 13) of participants were considered different from baseline. Detailed results of this analysis are found in Table 6 .
DISCUSSION
The purpose of our study was to evaluate the test-retest reliability of ImPACT using 2 different time intervals. We hypothesized that each composite score of ImPACT would demonstrate an ICC value of 0.75 or higher. 19 In accordance with classical test theory, when determining test-retest reliability, time points should be far enough apart to minimize practice effects but not so long as to allow maturational or historical factors to influence test performance. Results from 2 independent groups tested at different time intervals in different countries revealed a range of ICC values similar to those previously reported in the literature. 7, 8 6, 19, 20 The remaining values met or exceeded the suggested values for clinical utility. Another finding was that the majority of ICC values in group 2 were less than those in group 1, indicating that the reliability of ImPACT may decrease over time and possibly reflect a need for more frequent baseline testing.
Our study adds to the evidence suggesting that ImPACT has varying reliability. Overall, 50% of ICC values met our definition of acceptable reliability (!0.75) for 1-week intervals. Unfortunately, this time frame is not realistic and is not typical of how ImPACT is used clinically. With clinically relevant time points, most (92%) of the test-retest coefficients were suboptimal but slightly better than those in a previous study 7 using similar methods. In addition, their findings were similar to ours when using a longer testretest time interval and the same test form. 8, 9, 21 We controlled for random error by testing individuals at approximately the same time of day; testing in the same environment; and following a standardized testing procedure, using the ImPACT manufacturer's instructions and controlling for effort. Although we accounted for sources of random error, systematic error may have influenced our results through hardware and software applications. 22 All computers were equipped with the Windows XP operating system (Microsoft Corporation, Redmond, WA) and the most current version of Adobe Flash (Adobe Systems Inc, San Jose, CA), with only 2 programs running concurrently: the ImPACT and the Green WMT (group 2). We also controlled for suboptimal effort in 2 groups using a freestanding effort test, although the results were highly consistent across groups. Data for participants identified as having 1 or more invalid baseline measures on ImPACT or impaired scores on the WMT were removed from the analysis. 23 In our sample, 1% met the ImPACT invalidity criteria. Related literature reported an invalidity rate of 6% to 4%. 7 Explanations for the decreased error rate may include testing in a distraction-free environment and the relatively high academic achievement level of the participants. 21 Future authors should address the various sources of error that influence test-retest reliability, including random and systematic error.
Moderate practice effects (0.56 to 0.66) were noted for the ImPACT visual motor speed in both groups and for reaction time in group 1. For group 2, the score for visual motor speed improved (decreased) over time. An improvement in performance on the ImPACT would only make differences between the baseline and postconcussion evaluations more apparent. A worse performance, as observed in our results, may be more problematic for the clinician in that it may be a contributing source of testretest error. However, this decreased performance was not statistically significant and may not be clinically meaningful.
A point of contention with respect to computerized neuropsychological testing is the effect of academic performance on neuropsychological test results. Because their sample's mean SAT score was higher than the national average, Broglio et al 7 suggested that their results may not accurately reflect the clinical population to whom this testing is administered. In a related study, Brown et al 21 reported that SAT scores in varsity collegiate athletes were positively related to the results of computerized neuropsychological testing. In the current study, SAT scores for group 2 met or exceeded the 2009 national average. High scores on the SAT positively affect computerized neuropsychological test results, and group 2's SAT scores were well within the range of the scores of most collegiate student-athletes, 21 so our findings are likely representative of those in a sample of student-athletes.
Computerized neuropsychological testing, specifically ImPACT, exhibits a sensitivity of approximately 79% to 93% when classifying individuals as concussed, but ImPACT misclassified 22% to 46% of our healthy college-aged adult sample as impaired on 1 or more indices at 1 or both time points after baseline testing. 11, 24, 25 The clinician must be aware of these potential misclassifications (either false-positives or false-negatives) when using the ImPACT battery. Specifically, a false-positive result would lead to more conservative management of a concussed athlete. A false-negative result might lead to premature progression through a concussion-management protocol and an inappropriate return-to-play decision. We did not assess false-negative results and cannot make any conclusions about this variable within the context of this study.
CONCLUSIONS
Computerized neuropsychological testing has been adopted as a core component of many concussionmanagement programs. We found that ImPACT had varying test-retest reliability on several metrics using different time frames for reassessment. Clinicians should recognize that a computerized neuropsychological test such as ImPACT is only 1 component of a concussionmanagement protocol and use all appropriate tools in clinical decision making and return-to-play decisions. 2, 7, 8, 24 
